The Drosophila Fzo protein is required for mitochondrial fusion during a key step in sperm formation. This novel, membrane-bound GTPase defines a family of proteins that may mediate mitochondrial fusion in a variety of eukaryotic cells.
Spermatogenesis is among the most dramatic of cellular transfigurations. A series of elaborate rearrangements of cellular components transforms a stationary and rather complacent oval spermatid into a tadpole-shaped spermatozoan with vigorous motility and singular purpose. A central feature of this transformation is the formation and localization of one or a few giant mitochondria, the cellular power plants that will generate ATP for the flagellar motors that propel the matured gamete towards its improbable but propitious destination. The formation of the giant mitochondria is a challenging bit of morphogenesis, involving the coordinated aggregation and fusion of smaller, dispersed mitochondria into greatly enlarged structures that, nonetheless, maintain the distinctive internal morphology and compartmental integrity that characterize this ubiquitous eukaryotic organelle.
Mitochondrial contortions are not confined to maturing sperm. Frequent fusion and fission events distinguish the behavior of mitochondria in a number of types of cell. For example, mitochondria fuse following mating of the yeast Saccharomyces cerevisiae, and again during the yeast's meiosis and sporulation [1, 2] . Similarly, a developmentally regulated pattern of mitochondrial fusion occurs in cells of the rat diaphragm [3] , and mitochondrial fusion during the cell division cycle has been observed in a variety of cell types [4] . These fusions lead to the generation of one or a few giant mitochondria that sprawl through the cytoplasm as extended tubular reticula. The reticular networks may represent, in fact, the standard form of mitochondria present in most eukaryotic cells, and these structures display frequent spatial rearrangements involving the fission and fusion of tubular regions [4, 5] . The cellular structures that facilitate this dynamic disposition and the molecular mechanisms that catalyze the fusion and fission events are largely unknown.
Far from being unique to mitochondrial morphogenesis, membrane fusion events lie at the center of numerous cellular processes. Key steps in secretion, endocytosis, organelle biogenesis, fertilization and many other essential processes require the coordinated fusion of biological membranes. Although many molecular details of these processes remain to be described, recent research has led to the identification of a number of resident proteins that facilitate specific membrane fusion reactions. Attempts to dissect the fusion apparatus have focused with particular intensity on vesicle traffic in the secretory pathway, where a combination of biochemical and genetic approaches has uncovered a discrete cohort of proteins that constitute the fusion machinery [6, 7] .
The components that have been implicated in membrane fusion during vesicle traffic include specific membranedocking proteins (the 'SNARE' proteins), the cytoplasmic ATP-hydrolyzing protein NSF, soluble NSF attachment proteins ('SNAPs') and members of the Rab family of small GTPases, which regulate or provide specificity to the fusion apparatus. Many of these same (or homologous) proteins appear to facilitate other membrane fusion events, such as those that occur in the endocytotic pathway or those that mediate the reassembly of the Golgi apparatus following mitosis [8] , but such components have not been implicated in the fusion of mitochondria.
The first known molecular mediator of mitochondrial fusion has now been described. In a recent study, Hales and Fuller [9] characterized the fuzzy onions (fzo) gene of the fruit fly, Drosophila melanogaster. During normal spermatogenesis in the fly, spermatid mitochondria aggregate and fuse into two giant, intertwined organelles that resemble a slice of onion when viewed in cross section by electron microscopy [10] . In male fzo mutants, mitochondria aggregate but fail to fuse and, instead, form aberrant structures that look like 'fuzzy onions'. This deficient organellar fusion has tragic consequences for fly posterity: sperm production is defective and males are sterile.
Hales and Fuller [9] cloned the fzo gene by mapping the mutation to a specific genetic locus and analyzing cDNA clones corresponding to transcripts from the fzo region. Genomic DNA fragments encoding these transcripts were isolated, and a fragment containing the putative fzo gene was shown to restore normal mitochondrial morphology and fertility to the mutant flies. Sequence analysis revealed the product of fzo to be a novel 81.5 kDa protein with several intriguing structural features. The first of these is four conserved sequence motifs known to occur in proteins that bind and hydrolyze GTP. Mutations in fzo that ruined these motifs were found to abolish the cloned gene's ability to complement defects in mutant flies, suggesting that GTP binding is essential for Fzo function. A second prominent feature is a putative membrane-spanning domain located near the protein's carboxyl terminus. These characteristics suggest that the Fzo protein is a membrane-bound GTPase.
Fzo is found in the right place and at the right time to function as a mitochondrial fusogen. Indirect immunofluorescence microscopy, using antibodies specific for the carboxyl terminus of Fzo, showed that the protein is localized to mitochondria. The protein was detected only in post-meiotic spermatids, and appeared to be at its highest levels during a narrow developmental window when mitochondria were fusing to form the giant mitochondrial derivatives. The submitochondrial location and topology of Fzo are not yet known, but their elucidation should greatly inform an understanding of the protein's molecular role.
The Fzo protein defines a family of related proteins. Searches of protein sequence databases showed that homologs are encoded in the genomes of nematodes, yeast and mammals. In addition, homology to expressed sequence tags derived from a variety of human tissues indicates that brain, liver and spleen, heart, pancreas and fibroblasts all contain homologous proteins. The presence of Fzo homologs in diverse organisms and tissues implies that the protein's function extends beyond the specialized mitochondrial fusion particular to spermatogenesis.
The Fzo protein is the newest member of a small set of identified mitochondrial components that control the organelle's form and distribution in the cytoplasm. Other members include three integral proteins of the mitochondrial outer membrane, Mdm10p, Mdm12p and Mmm1p, which are required for mitochondrial inheritance and the maintenance of normal mitochondrial morphology in yeast [11] [12] [13] . Mutations affecting another yeast mitochondrial protein, Mgm1p, lead to aberrant mitochondrial distribution and loss of the mitochondrial genome [14, 15] . Intriguingly, this dynamin-like protein is a GTPase with some structural similarities to Fzo. Certain cytoplasmic proteins, including components of various cytoskeletal networks, also contribute to the distribution and morphology of mitochondria [16] . The challenge for future studies is to identify the molecular function of these various polypeptides, characterize their interactions and uncover the mechanisms that regulate mitochondrial behavior during cell proliferation and differentiation.
